[l] Large-scale die-off o f tidal marsh vegetation, caused by global change, is expected to change flow patterns over tidal wetlands, and hence to affect valuable wetland fonctions such as reduction o f shoreline erosion, attenuation o f storm surges, and sedimentation in response to sea level rise. This study quantified for the first time the effects o f large-scale (4 ha) artificial vegetation removal, as proxy o f die-off, on the spatial flow patterns through a tidal marsh channel and over the surrounding marsh platform. After vegetation removal, the flow velocities measiued on the platform increased by a factor o f 2 to 4, while the channel flow velocities decreased by almost a factor o f 3. This was associated with a change in flow directions on the platform, from perpendicular to the channel edges when vegetation was present, to a tendency o f more parallel flow to the channel edges when vegetation was absent. Comparison with hydrodynamic model simulations explains that the vegetation-induced friction causes both flow reduction on the vegetated platform and flow acceleration towards the non-vegetated channels. Our findings imply that large-scale vegetation die-off would not only result in decreased platform sedimentation rates, but also in sediment infilling o f the channels, which together would lead to further worsening o f plant growth conditions and a potentially runaway feedback to permanent vegetation loss. Citation: Temmerman, S., P. Moonen, J. Schoelynck, G. Govers, and T. J. Bouma (2012), Impact of vegetation die-off on spatial flow patterns over a tidal marsh, Geophys. Res. Lett., 39, L03406,
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Introduction
[3] To oiu knowledge, no previous field studies quantified the direct impact o f tidal wetland die-off on large-scale spatial flow patterns. Existing field studies have traditionally focused on local flow conditions, either on the vegetated marsh platform [e.g., Leonard and Luther, 1995; Lightbody and N e p f 2006] , or within the channels that dissect the platform [e.g., French and Stoddart, 1992] . Relatively few studies have quantified the larger-scale spatial flow patterns, including the interaction between channel and platform flows [e.g., Christiansen e ta l, 2000; Davidson-Arnott et a l , 2002; Temmerman e ta l, 2005a] . Such studies demonstrated that channel flow velocities are high (mostly >0.5 m s 1 ), while the flow on the vegetated marsh platform is much slower (mostly <0.1 m s-1 ) and is directed, during the flood phase, from the channel edges and seaward marsh edge towards the inner portions o f the platform. Furthermore, it was demonstrated that only part o f the over-marsh tidal prism (i.e. the total water volume that floods the marsh) is routed as concentrated flow through the channels, while up to 50% o f the tidal prism may flow to and from the platform as sheet flow via the seaward marsh edge [Temmerman et. a l, 2005a] . However, to oiu knowledge, no previous field studies provided direct comparison o f channel and platform flow patterns before and after removal o f the tidal wetland vegetation.
[4] As a consequence, existing insights on the landscapescale hydrodynamic effects o f tidal wetland vegetation primarily come from numerical modeling [e.g., D A lpaos et a l, 2007; Kirwan and Murray, 2007; Temmerman et a l, 2007] . Hydrodynamic models showed that vegetationinduced friction on the platform causes, on the one hand, reduction o f the local flow velocities on the vegetated plat form, which is associated, on the other hand, with flow concentration and acceleration towards the non-vegetated channels due to their lower friction [e.g., only result in increased flow velocities and reduced sedi mentation locally on the platform, but also in decreased flow velocities and sediment infilling in the channels [Temmerman et al., 2005b] . Similarly, adding vegetation patches to an originally bare tidal wetland model caused not only the reduction o f flow velocities within the vegetation patches, but also flow acceleration and channel erosion in between the vegetation patches [Temmerman et al., 2007] . Flence these simulations suggest that die-back and re establishment o f vegetation have a major impact on spatial flow patterns over a tidal wetland, not only within the veg etation but also in the non-vegetated areas. This sequence o f events, however, has yet to be documented using empirical field data. Tiere we present the results o f a field experiment, in which the spatial patterns o f channel and platform flow were measured on a tidal marsh ( 1 ) with presence o f vege tation, and (2) after artificial removal o f the vegetation can opy over a relatively large area (~4 ha), as a proxy for vegetation die-off.
Methods
[5]
The experiment was done in a freshwater tidal marsh (Kijkverdriet) in the Scheldt estuary (Belgium) (51.1214° N; 4.2642° E). The tidal regime is semi-diurnal with a tidal range around 6 m during average spring tides and 4.5 m during average neap tides. The geomorphology o f the marsh consists o f a generally flat platform that is dissected by an intertidal channel (Figure 1 ) (mean ± standard deviation of 519 total station measurements on the platform is 0.05 ± 0.17 m relative to mean high water level). The platform is vegetated by a dense canopy o f common reed {Phragmites australis (Cav.) Trin. ex Steud.). The channel bed is free of vegetation.
[6] Flow velocity measurements were carried out at one location in the central channel (location 1 in Figure lb) , where the channel was about 4 m wide and 1.4 m deeper than the average surrounding platform elevation. Measure ments on the platform were done at three locations (locations 2 to 4 in Figure lb) . The combination o f these 4 measuring locations allowed us to quantify the spatial flow patterns going through the channel (location 1), from the channel onto the platform (location 2) towards the inner marsh (location 3), and the flow directly entering the marsh via the marsh edge (location 4). [7] The flow measurements were done during three cam paigns with different vegetation conditions (Figure 2 ). The first campaign was in summer, when the Phragmites vege tation cover was maximal with a mean stem density of 190 stems m -2 (n = 10), mean stem diameter o f 0.7 cm and stem height up to 3 m. The second campaign was in autumn, when Phragmites had lost all o f its leaves and only stems remained. For the third campaign in winter, the vegetation 
Results
[9] During tides 1-3 with presence o f the frill vegetation cover, the flow velocities were low on the vegetated plat form (with peak velocities up to 0.2 m.s 1 at locations 2-4), and were much higher in the bare channel (peak velocities up to 0.5 m .s-1 at location 1) (Figure 3 ). After removal o f the vegetation cover from the platform, the average flow velocities increased on the platform by a factor o f 2 to 4 (with peak velocities up to 0.4 m .s-1 ), while at the same time the average flow velocities decreased by almost a factor o f 3 in the channel (peak velocities up to 0.3 m .s-1 ) (Figure 3 ). These differences in flow velocities between the vegetated tides (tides 1-3) on the one hand, and nonvegetated tides (tides 7-9) on the other hand, were significant on all locations (Wilcoxon Rank Sum test, p < 0.0001). In most cases no significant differences were found in between the individual vegetated tides (except on location 2), and in between the individual non-vegetated tides (except for tide 7).
[10] Apart from the effect on flow velocities, the removal o f the vegetation also affected the flow directions measured above the marsh platform. Since flow velocities on a tidal marsh platform typically peak at the beginning o f flooding and end o f drainage o f the platform, average peak flow vectors for the first 15 min o f the flood and last 15 min o f the ebb were calculated and plotted on a map for all locations (Figure 4) . The effect o f vegetation removal on these peak flow directions is especially visible at location 2 near the channel edge, and to a lesser extent at location 4 near the marsh edge. With presence o f the vegetation, the peak flood and ebb flow directions were at location 2 perpendicular to the channel edge (Figure 4) . After removal o f the vegetation, the platform flow direction near the channel edge (location 2) tended to become more parallel with the flow direction in the channel (location 1), i.e. the angle between platform and channel flood direction approached 45 degrees. A similar but less pronounced effect was observed at location 4 near the edge between the marsh and main estuarine channel. Here, with presence o f the vegetation, the flood and ebb flow directions were also perpendicular to the marsh edge (Figure 4) . After removal o f the vegetation, the angle between the flow directions on the platform at location 4 and in the main estuarine channel became on average 75 degrees, meaning that the platform flow near the marsh edge became slightly more parallel to the main channel flow. The changes in platform flow directions between the vegetated tides ( 1-3 ) on the one hand, and non-vegetated tides (7-9) on the other hand, were significant at all locations (Wilcoxon Signed Rank test, p < 0.0001; the only exception is for flood tides at location 4).
Discussion
[11] To our knowledge, the present study provides, for the first time, empirical data on the direct effects o f vegetation removal, as a proxy o f vegetation die-off, on the spatial flow patterns over a tidal marsh, including the interactions between channel and platform flow. The removal o f the platform vegetation resulted in a 2 to 4-fold increase o f the average flow velocities measiued above the platform and an almost 3-fold reduction o f the average flow velocities m ea siued in the channel (Figiue 3, left) . These observations agree well with hydrodynamic model simulations (Figiue 3, right) that were previously published [Temmerman et a l, 2005b] . This good agreement between the field measure ments and model simulations confirms that the measiued changes in flow patterns are indeed attributed to the removal o f the vegetation, and not so importantly to rather small differences in the measiued tides (Figiue 2). The comparison with hydrodynamic simulations explains that the vegetationinduced friction causes both flow reduction on the vegetated platform and flow acceleration towards the non-vegetated channels. Consequently, vegetation die-off results in both increased platform flow velocities and decreased channel velocities.
[12] The change in spatial flow velocity distributions was associated with a change in measiued flow directions on the platform, from perpendicular to the channel edges when vegetation was present, to a tendency o f more parallel flow to the channel edges when vegetation was absent (Figiue 4). Very similar effects were also simulated with the hydrody namic model [Temmerman et a l, 2005b] , showing that the vegetation-induced friction causes faster flood and ebb propagation through the channels, and consequently causes flooding and drainage o f the platform with flow directions perpendicular to the channels (Figiue 5, middle) . Removal o f this vegetation drag resulted in more equal flood and ebb propagation through the channels and over the platform, and hence in more parallel flow directions over the platform and in the channel (Figiue 5, bottom).
[13] O iu field experiments imply that vegetation die-off would result on the longer-term in runaway feedbacks between vegetation, flow and sediment dynamics, poten tially leading to permanent tidal wetland loss. O iu experi ments indicate that vegetation die-off would result in (1) sediment infilling o f the marsh channels, as the flow veloc ities in the channels drastically decrease, and (2) reduced sedimentation rates on the marsh platform, as the channel infilling would reduce sediment supply to the platform and the increased flow velocities on the platform would increase resuspension o f sediments there, especially diuing the ebb phase. Such effects o f vegetation removal on channel infilling and reduced platform accretion were also simulated by previous modeling [Temmerman et a l, 2005b] . We emphasize that channel infilling would cause poorer soil drainage and thereby would have a feedback on further worsening o f plant growth conditions. Many existing models that aim at simulating the long-term (decades to centuries) bio-morphodynamic response o f tidal marshes to sea level rise [e.g., D Alpaos et a l, 2007; Kirwan et a l, 2010; Kirwan and Murray, 2007; Marani et a l, 2007] do not include such effect o f vegetation die-off on channel infilling but only consider the effect on locally reduced platform accretion. Hence oiu experiments indicate that vegetation die-off might have more severe and irreversible effects on tidal wetland loss than previously thought.
[14] Finally oiu results may also have implications for the attenuating effect o f tidal wetland vegetation on landward flood propagation during storm siuges [e.g., Costanza et a l, 2008; Wamslev et. a l, 2010] . Oiu results suggest that the wetland vegetation reduces the speed o f flood propagation over the platform, but at the same time that the vegetation concentrates and accelerates flood flow velocities towards the channels. Hence this combined vegetation effect on overall storm siuge attenuation is not so straightforward to predict, and should be incorporated in storm siuge models that aim to simulate the protecting effect o f wetlands. 
